The non-covalent coating of carbon-based nanomaterials, such as carbon nanotubes, has important applications in nanotechnology and nanomedicine. The molecular modeling of this process can clarify its mechanism and provide a tool for the design of novel materials. In this paper, the coating mechanism of single-walled carbon nanotubes (SWCNT) in aqueous solutions by 1,2 -dimethoxyethane oxide (DME), 1,2 -dimethoxypropane oxide (DMP), polyethylene oxide (PEO), polypropylene oxide (PPO) pentamers, and L64 triblock copolymer chains have been studied using molecular dynamics (MD) simulations. The results suggest a preferential binding to the SWCNT surface of the DMP molecules with respect to DME mainly driven by their difference in hydrophobicy. For the longer pentamers, it depends by the chain conformation. PPO isomers with radius of gyration larger than PEO pentamers bind more tightly than those with more compact conformation. In the case, of the L64 triblock copolymer, the coating of the SWCNT surface produce a shell of PPO blocks with the PEO chains protruding into bulk water as expected from the so-called non-wrapping binding mechanism of SWCNT. In addition, polymer coating, qualitative agreement with experimental evidences on the poor capability of the L64 to disperse SWCNT, do not prevent the formation of CNT aggregates.
PPO units of the polymer) and the PEO units (the chains part of the model) extend in the solvent phase. Frise and coworkers 14 have also studied the interaction between the block copolymer F127
and CNT in aqueous dispersion by pulsed-field gradient (PFG) 1 H NMR spectroscopy. Their study confirmed the previous studies by showing that the polymer binds CNTs by its central hydrophobic block, while the two hydrophilic PEO terminal parts extend into water phase.
Different theoretical studies on the interaction of different polymers and biopolymers with SWCNT are present in the literature. 15 MD simulation studies have been performed to investigate the coating mechanism of the nanotube by polymeric chains but few of them have extensively study the interaction of polyethers with SWCNT. Nativ-Roth et al. have used short (1 ns) MD simulation of the Pluronics F88 to a SWCNT (10, 10) to support their experimental results on the preferential binding of the nanotube surface. 12 The simulation has qualitatively shown a tight binding of the PPO block to the nanotube and the presence of extended chain configurations of the PEO blocks in the solvent. 12 The effect of the SWCNT diameter on the interaction with polymers have been recently address using MD simulations by Yang et al. 16 They have studied the interaction of polystyrene (PS), poly(phenylacetylene) (PPA), poly(p-phenylvinilene) (PPV), and poly(mphenylenevinilene-co-2.5-dioctyloxy-p-phenylenevinilene) (PmPV) with "Zig-zag" type SWCNTs of length of 10.38 nm and diameters ranging from 0.39 to 5.36 nm. All the polymers showed a tendency to coat the SWCNT surface. However, the strength of the bindings was found to be very dependent on the structure of polymer. In particular, PPV and PmPV polymers, consisting of monomers with aromatic groups in their backbone, tend to bind the SWCNT surface stronger than PS and PPA, containing the aromatic groups in their side chains.
In this paper, we report an extensive theoretical study, based on atomistic MD simulations, of different types of SWCNT in the presence of linear polyether surfactants. We have used recent models of polyether polymers specifically optimize to accurately reproduce the physical chemistry properties in water solution. [17] [18] The paper is divided in three parts. In the first part, the coating 5 mechanism of SWCNTs of different diameters by 1,2 -dimethoxyethane (DME), 1,2 -dimethoxypropane oxide (DMP), the smallest oligomers (n=1 in the Scheme 1S) of polyethylene oxide (PEO) and polypropylene oxide (PPO), respectively was analyzed. Since DME and DMP can be considered the smallest units for PEO and PPO polymers, respectively, the aim of this study was to provide a detailed model of differential binding interactions of the two units monomers with SWCNT's. Nanotubes of different diameter and chirality have been used to understand the effect of the surface area and curvature on the polymer adsorption. In fact the high surface/volume ratio present in SWCNTs may have a strongly affect on the adsorption capability of polymeric materials. 15 In the second part of the study the effect of the polymer length and tacticity on the absorption of the SWCNT(5,5) was investigated using pentamers (n=5 in the Scheme 1S) of PEO (PEO 5 ) and of different isomers of PPO (PPO 5 ). Finally, in the last part, the absorption of the small triblock copolymer L64 (see Scheme 1S) on a single and a SWCNT (5, 5) bundle formation was studied. The aim of this last part was to analyze whether the absorption mechanism obtained from our model systems agrees with the available experimental and theoretical data.
COMPUTATIONAL METHODS.

Force Field parameters.
Single-walled carbon nanotubes with chiral indices m=10, n=5 (chiral), m=7, n=7 (arm-chair), m=5, n=5 (arm-chair) and m=5, n=0 (zig-zag) and length of 3 nm have been used to perform simulations.
The SWCNTs used in these simulations are without explicit hydrogen atoms at the edges. Since nanotubes, used in experimental work are much longer (~500 nm 13 ) than our models, the charges at both edges of SWCNT should not affect the interactions of the polymers far away from the edges.
In Table 1 , the list of SWCNTs used in this study with the corresponding diameters and chiral indices are reported.
The SWCNT force field is based on the model proposed by Walther et al. 19 The carbon atoms were considered uncharged. The Lennard-Jones (LJ) parameters εCC, σCC for carbon-carbon interaction of 6 nanotube was chosen to be 0.4396 kJmol -1 and 0.3851 nm, 19 respectively. LJ parameters of interaction between the carbon of the nanotube and oxygen of the water were set to ε co = 0.392 kJmol -1 and σ co = 0.319 nm, 20 respectively. The mixed LJ parameters for the interaction of the SWCNT carbon with other atoms were obtained using the combination rules:
where ! "" (%) , ! ## (()) and ! "# (%) are the LJ coefficients for the interaction between the particles of type i with the particle of type j and ! "" (%) = 40 "" 1 "" % and ! ## (()) = 40 "" 1 "" () , respectively. In this work, we have assumed that the LJ parameters of the carbon atoms are the same in all the SWCNT i.e. they are not significant affected by the change of the electronic properties of the carbon atoms due to the CNT curvature.
The models of DME, DMP, PPO 5 , PPO 5 and Pluronics L64 (see Scheme 1S) were developed in our research group and the details of the models have been recently published. [17] [18] All polymers used in this study have methyl groups as terminal groups. For the PPO 5 , five different isomers have been studied. The isomers are indicated with the R/S descriptors of each stereo center assigned using the Cahn-Ingold-Prelog system. For the L64 polymer, we have used the same atactic sequence as in out previous paper. 18 The atactic sequence (PEO 13 -RRSRRRRRSRSRRRSSRRSSRSSRSRRRRR-PEO 13 ) contains the same five isomers (four underlined and in one in bold characters) chosen for the PPO 5 chains. 
ACS Paragon Plus Environment
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 MD Simulations. The systems were prepared centering the SWCNTs in a box of suitable size (see Table 2 ). The empty space was then filled with the solvent molecules (DME/DMP and/or water) by geometrically stacking equilibrated boxes of the pure solvents. For the simulation with PEO, PPO pentamers and the L64 triblock copolymer, the chains have been initially regularly placed inside in a box with the nanotube at the center and then filled with water molecules as described before. A summary of the simulated systems is reported in Table 2 . All the simulations were performed at constant temperature and pressure (NPT conditions) using periodic boundary conditions. The integration time step was chosen to be 2 fs. The temperature and pressure were maintained to the reference values (T=298 K, P=1 bar) using the Berendsen thermostat and barostat with coupling time constant of τ T =0.1 ps for temperature and τ p =0.5 ps for pressure, respectively. The Extended Simple Point Charge (SPC/E) model was used as water model. 22 The SETTLE 23 algorithm was used for the water molecules. The electrostatic interactions were calculated by using the Particle Mesh Ewalds (PME) method. 24 For the long-range interactions, a grid spacing of 0.12 nm combined with a fourth-order B-spline interpolation were used to compute the potential and forces between grid points. A pair-list for non-bonded interactions within the cutoff of 1 nm was used and updated at every 10 time-steps. In the simulations, all-bonds were constraint using the LINCS algorithm. 25 All the systems have been energy minimized using the steepest descent algorithm for at the least 1000 steps to remove the possible clashing. After energy minimization, initial velocities obtained from Maxwell-Boltzmann velocity distributions at 298 K were assigned to all atoms. All systems were initially equilibrated for 100 ps with position restraints on the solute atoms for the relaxation of water molecules. Hence, the simulation runs without position restraints and of different length (see Table 2 ) have been performed. Analysis of the Trajectories. The distribution of the solvent and surfactants around the SWCNT was analyzed using cylindrical radial distribution function (cRDF), cylindrical cumulative coordination number, and density profile along the nanotube axial direction.
All the distributions were calculated using cylindrical coordinate system (7, 9, :) , with origin at the center of mass (CoM) of the SWCNT. Here 7 is a radial distance from the axis of the nanotube, 9 azimutal angle; z is the position along the axis of the nanotube (see Figure 1 ).
The interior region of the nanotube is defined as the volume V 0 of a cylinder of height h given by the nanotube length, and with a base of diameter ; < equal to = < = ; ) ℎ − = < . Solute molecule is considered to be inside the nanotube or in the shell region if its center of mass is located inside the one of the above-defined volumes.
The cylindrical cumulative coordination number D (7) gives the number of molecules within a distance r from the nanotube axis, and it is calculated using the integral 26 D(7) = E E E 7′;7′;9′;:G(7′, 9′, :) The cRDF is defined as
.
Where ∆7 is a small increment of the radial distance, 〈… 〉 n,H is and average over (0 ≤ 9 < 2r) and (−1.5 ≤ : ≤ 1.5) at given 7, and ρ 0 the density of the solvent in the bulk. Similarly with the spherical radial distribution function in our case bcde (7) is normalized in such a way that bcde(7) → 1 as 7 → ∞. It gives the number of molecules of polymer units in the cylindrical volume within a distance r from the SWCNT axis.
For DME and DMP the cRDF and N(r) are calculated with respect the CoM of the molecules. For the polymers, they are calculated with respect the CoM of the ethylene (EO) and propylene (PO)
oxide units composing the polymers with the first and last units including also the terminal group.
The density profile along the nanotube axial direction 26 is defined as which calculate the density averaged along the cylindrical shell region between the nanotube axis (r'=0) and the nanotube radius (r'=r).
All simulations and the other analysis of the trajectories were performed using the GROMACS (version 4.5.5) software package (www.gromacs.org) 27 and the visualization software VMD.
28
RESULTS AND DISCUSSION
SWCNTs in DME and DMP Mixture. The coating effect of DME and DMP on the SWCNT surface was analyzed using the cRDF's of the solvent molecules with respect to the SWCNT surface. In Figure 1 (top panel), the cRDFs for the DME and DMP molecules are reported. The curves show two peaks. The small ones, located at ~0.05 nm from the nanotube axis, are produced by molecules inside the nanotube. The other peaks, at ~0.3 nm, are generated by molecules coating the external surface of the SWCNT.
For all the simulations, cRDF peaks are higher for DMP than DME molecules, meaning a larger local density of the former one. The rapid decrease of the cRDF curves with the distance also indicates that the most of DME and DMP molecules bind the SWCNT.
In Figure 1 (bottom panel), the plots of N(r) and, in Table 3 , the number of DME and DMP molecules within 1.0 nm from the axis of each SWCNT are reported. It is evident from N(r) graphs that the number of DMP molecules at all distances from the surface of the (10,5), (7, 7) and (5,5) SWCNT is always larger than DME ones. This tendency can be explained by the presence of a methyl group in the DMP that provides an additional interaction with the SWCNT compared to the DME. 17 The number of DME and DMP at 1 nm distance of the nanotube axis is linearly proportional (R 2 = 0.96 and R 2 = 0.92 from the liner regression fit for DMP and DME, respectively)
to the surface are of the SWCNT (Table 3 ). The DMP/DME ratios at N(r=1nm) are larger for the smaller nanotubes than for the larger ones. The similar values of DMP/DME ratios for the two Page 11 of 29
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The hollow interior of both SWCNTs (10,5) and (7,7) was filled by a mixed file of DME and DMP molecules. A total number of 4.6 molecules were observed to fill in average the SWCNT (10, 5) cavity with a DMP/DME ratio of 3.9. In the SWCNT (7,7), an average of 3.6 molecules was observed but in this case the DME molecules are more abundant than DMP (DMP/DME=0. 4 in Table 3 ). In all four cases, no water molecules were observed inside the SWCNTs. Table 3 . Cylindrical cumulative coordination number N(r) values for DME and DMP inside the SWCNT (In), and at the distance of 1.0 nm (Out) from the SWCNT axes. The DMP/DME radii indicated with the asterisk are calculated using the difference Out-In for comparison with the other two SWCNTs. In Figure 2 , the normalized distributions of the molecules inside the SWCNT (10,5) and (7,7) are reported. Both DME and DMP molecules distribute with regular distribution patterns. For the SWCNT (10,5), two DME peaks are observed inside the SWCNT and other four on both ends.
SWCNT
DMP distribution shows five peaks inside the SWCNT and two small ones at the SWCNT ends.
The positions of the peaks are similar to the DME ones. An additional peak at the SWCNT center (z=0) is observed for DMP but it is not present in DME. As from the values in Table 3 , the density of DME molecules is lower than DMP. For the SWCNT (7,7), the peaks for DME and DMP are in the same number (4 inside and 2 outside the SWCNT) and at the same locations, but higher for the DME than DMP, as expected from the average number of molecules observed in the SWCNT (see Table 3 ). In Figures 1S and 2S of SI, the time series diagram showing the occurrence times of single DME and DMP molecules inside the SWCNT (10,5) and SWCNT (7,7), respectively. The residence time varies from just few nanoseconds to 25 ns (the whole simulation time).
However, it is evident from the Figure 1S and 2S and from the low value of standard deviations reported in Table 3 , that the total number of molecules that exchange with the bulk ones during the simulations is very small. For most of the simulation time, the molecules inside the SWCNT fluctuate around the peak positions of the ζ(z) distribution shown in Figure 2 . Due to this long residence time, the DME/DMP distribution inside the nanotube is not preferential but randomly determined by the initial distribution of the molecules in the simulation box. For comparison the mean contact times of the DME/DMP molecules with the external surface of the nanotube are also reported in Table 1S of SI. The values range from 3-6 ns, and, as expected, slightly higher for the DMP than DME. Coating of the SWCNT (5,5) by PEO and PPO pentamers. In Figure 3 and Figure For the PEO/PPO mixtures, an interesting effect on the preferential binding determined by the PPO 5 chain conformation has been observed. In Table 4 In Figure 4S of SI, the Rg distributions for the PEO 5 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 In Figure 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 The results of our simulations provide a further support to the so-called non-wrapping mechanism of adsorption of block copolymers to SWCNT's and MWCNT's. 12 This study has evidenced the tendency of the PPO block to absorb preferential of PEO blocks. More recent small angle scattering studies of the linear polymers and surfactants including poloxamers have also shown that the ratio of PEO and PPO determine the capability of the surfactant to solubilize the SWCNT. 30 SANS studies of larger Pluronics F127 and F108 have also proposed a core-shell-chain model of polymer-SWCNT interaction based on the experimental data. 13, 31 The results of our simulations with the Pluronics L64 qualitatively agree with this model. In particular, the cRDF analysis (see Figure 4) indicates that polymer chains bind the nanotube and coat the surface mostly with the PPO units. The PPO units observed at the end of our simulation ( Figure 6S of the SI) are partially wrapped around the nanotube forming a shell layer tightly bound to the SWCNT. The PEO blocks protrude out of the surface forming a more hydrophilic corona around the shell that extend into the aqueous media.
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13, 31
Effect of Polaxamer L64 on the SWCNT Bundle Formation. To the best of our knowledge, direct structural experimental measurements (e.g. SANS) for the polaxamer L64
are not yet available.
However, experimental data on the capability of polaxamers to disperse SWCNT bundles are available in literature. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The effect of the L64 triblock copolymers on the spontaneous aggregation of the SWCNTs was studied by placing into a simulation box, three replica of surface coated SWCNT obtained from the simulation of the isolated SWCNT with six L64 polymers. In the Figure 7S of the SI the starting configuration of the simulation with three SWCNTs having the surface covered by L64 copolymers into a water box is shown. After 10 ns of simulation, two out of three SWCNT start to aggregate and they remain close and aligned for the rest of the simulation (see Figure 8S ).
In Figure 6 , for each SWCNT, the cRDF's (top panels) and N(r)'s (bottom panels) for EO ( Figure   6A ) and PO ( Figure 6B In Figure 7 , the process of SWCNT aggregation is described by the fraction of their atomic contacts relative to the average number of and uncoated SWCNT bundle. SWCNT1 and SWCNT2 aggregate at the beginning of simulation, the number of contact is slightly less then in the uncoated CNT bundle for the presence of the polymers (see also Figure 8S ) although the average minimum distance (~0.36 nm) between these two nanotubes corresponds to the average value observed in the uncoated nanotube in pure water. The SWCNT3 starts to form a partial contact (~20 %) with SWCNT1 at ~10 ns that remain until the end of the simulation. The same nanotube forms a much less number of relative contacts (~10%) with the SWCNT2 but mainly in the interval 57-72 ns (see also Figure 5S ).
This result is in qualitative agreement with the results presented in previous experimental work. 32, 34 In particular, Shvartzman-Cohen have used differential scanning calorimetry and spin-probe electron paramagnetic resonance to probe the dynamics of the different Pluronics in the presence of CNTs 23 . More recently, Xin et al. 32 they have studied the dispersion of the nanotube by different amphiphilic block copolymers, such as F127, the star-like block copolymer AP432 and L64, using by UV-VIS-NIR measurements and Raman spectroscopy techniques. 32 In their work, it was observed that the longer Pluronics F127 has good capabilities to disperse CNTs, while the L64 was unable to produce a good dispersion in water. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 CONCLUSIONS Atomistic MD simulations have been performed to study the interaction of the linear ether based polymers with SWCNT. Based on the results of these simulations, we have shown the tendency of the DMP molecules to preferentially solvate the SWCNT surface than DME molecules. This effect seems not influenced by the chirality of nanotube, but only by its diameter. We have also observed in our simulations, the diffusion of both DMP and DME inside the two larger nanotubes SWCNT (10, 5) and SWCNT (7, 7) . In our simulations, the molecules inside the SWCNT have a low exchange with the bulk molecules (preferentially absorbed on the SWCNT surfaces), and, therefore, their 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 In summary, the computational study reported in this paper gives a detailed account at molecular level of the coating mechanism of polyether-based polymers and block copolymers to SWCNT. The results confirm previously proposed coating mechanisms, and reveal new molecular aspects on the effect of polymer conformation on their absorption to SWCNT surface that needs further experimental and theoretical investigations. In particular, coarse-grained models [35] [36] [37] [38] developed in our groups will allow the study of these processes on larger length of scales giving a more quantitative assessment of the coating mechanisms with longer SWCNT and polymers. The understanding of this process is important for the applications in medicine and biotechnology. For example, for the design novel CNT based drug carriers and/or for assess the biological toxicity of CNT.
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